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The New Chapter of High-energy Astrophysics

* New since last P5: detection of Gravitational Waves and High-energy neutrinos!
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The New Chapter of High-energy Astrophysics

* New since last P5: detection of Gravitational Waves and High-energy neutrinos!

Electromagnetic Waves
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Sagittarius A*
Event Horizon Telescope
ApdL (2022)
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The New Chapter of High-energy Astrophysics

* New since last P5: detection of Gravitational Waves and High-energy neutrinos!
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The New Chapter of High-energy Astrophysics

* New since last P5: detection of Gravitational Waves and High-energy neutrinos!
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The New Chapter of High-energy Astrophysics

* New since last P5: detection of Gravitational Waves and High-energy neutrinos!

* This talk: cosmic particles, including high-energy neutrinos, gamma-rays, and cosmic rays

Electromagnetic Waves

e

Sagittarius A*
Event Horizon Telescope
ApdL (2022)

- — L1 observed
H1 observed (shifted, inverted)
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Particle Physics with Cosmic Particles

* Measure properties of fundamental particles at energies beyond the reach of man-made accelerators

Center-of-mass energy /s [GeV]
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Particle Physics with Cosmic Particles

* Measure properties of fundamental particles at energies beyond the reach of man-made accelerators

e Search for particle-like dark matter

Dark Matlter Decay Searches Over 23 Ordgrs of Magnitudel in Dark Matter Mass
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Particle Physics with Cosmic Particles

* Measure properties of fundamental particles at energies beyond the reach of man-made accelerators

e Search for particle-like dark matter

Dark Matlter Decay Searches Over 23 Ordgrs of Magnitudel in Dark Matter Mass
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Particle Physics with Cosmic Particles

* Measure properties of fundamental particles at energies beyond the reach of man-made accelerators
e Search for particle-like dark matter

e Study new particles and interactions beyond the standard model

3.0
90% C.L./sensitivity (Normal Mass Ordering)
- = NOvVA 2020 == MINOS 2020
- = T2K 2020 mmmm [ceCube Upgrade sensitivity, 3 yr
— = SuperK 2020
2.8 P e

Am3, [1073 eV?]
N
B
,/
/7
7’
, ——
) | |
(
\ i —~
N
\\h—
N\
\
N\
\\

SO PR
_____
___________

2.2

IceCube Work in Progress

2.0 - - ' . ' ' '
0.30 0.35 0.40 0.45 050 055 0.60 0.65 0.70
sin?(6,3)

See remarks by Carlos Argiielles Delgado

Snowmass 21 CF report
P and Stephanie Wissel



Particle Physics with Cosmic Particles

* Measure properties of fundamental particles at energies beyond the reach of man-made accelerators

e Search for particle-like dark matter

e Study new particles and interactions beyond the standard model  Complementary to particle physics facilities!
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radio/microwave Infrared/optical gamma-rays neutrinos cosmic-rays
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Visible light: 2-3 eV
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Visible light: 2-3 eV Cosmic particles: 10° — 10%! eV
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A blooming field: what’s learnt since last P5

s

e EXxistence
 Astrophysics
 Particle physics

e Detection of TeV-PeV astrophysical v [[ceCube Science 2013, PRL 2014, 2015, 2020] and
100 TeV - 1PeV y [HAWC PRL 2021, Tibet PRL 2021, LHAASO Nature 2021, Science 2021]

e Stellar-mass cosmos probed by TeV y : black holes [HAWC Nature 2018, MAGIC Nature 2019, H.E.S5.5
Nature 2019, Science 20217] and stellar wrecks [HAWC Science 2017, PRL 2020, H.E.S.S Science 2022

 Supermassive blackholes probed by TeV v and y [lceCube Science 2018ab, 2022, H.E.5.5. Nature 2020]

* Origin of cosmic rays: dipole in the arrival direction of > 8 EeV cosmic rays [Auger, Science 2017]

e Particle properties and interaction: Measurement of multi-TeV v—nucleon cross section and inelasticity
[lceCube Nature 201/7], Glashow resonance [lceCube, Nature 20217], fluctuations in muon number [Auger PRL
2016, 2021], neutrino oscillations and flavor ratio /[ceCube PRL 2015, 2018]

 Constraints on dark matter annihilation and decay signals [H.£.5.5. PRL 2016, 2018, 2022, MAGIC
PRL 2023, LHAASO PRL 2022, Auger PRL 2023]

e Constraints on BSM: Lorentz invariance [HAWC PRL 2020], sterile neutrinos [lceCube PRL 2076, 2020,
2022], nonstandard interactions [lceCube PRL 2022]
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e Astrophysics
 Particle physics

 What are the sources of the bulk of the TeV-PeV neutrinos observed by IlceCube?
* Where are the PeV hadron colliders (“PeVatrons”) in our Milky Way?

* How does nature accelerate particles to > 1 EeV?



What’s still unknown / need better answers

2

-

I e Are there neutrinos above ~10 PeV? e Existence

e Astrophysics
 Particle physics

 What are the sources of the bulk of the TeV-PeV neutrinos observed by IlceCube?
* Where are the PeV hadron colliders (“PeVatrons”) in our Milky Way?

* How does nature accelerate particles to > 1 EeV?

* Particle properties and interaction: mixing angles, cross sections at higher energies
* Indirect searches: what will be the fate of WIMPs and thermal dark matter?

« BSM: 1 appearance, sterile neutrinos, nonstandard interactions
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV
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and.. unexpected results & new questions

e Muon excess in cosmic-ray data at ~10 EeV Deficit in model prediction of muons from hadron interactions.
Hint of BSM physics?

— EZEPOS-LHC --E#IQGS]Jetll-04 --- BEFISIBYLL-2.3d e data
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos

More e™ observed than predicted by
cosmic ray propagation in the Galaxy
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos

More e ™ observed than predicted by

cosmic ray propagation in the Galaxy A
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV Astrophysics “standard model” of middle-aged pulsars

. TeV gamma-ray halos turned out wrong and impacted indirect searches

More e ™ observed than predicted by

cosmic ray propagation in the Galaxy A
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos

* The much higher energy carried by neutrinos than gamma-rays
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* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos
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and.. unexpected results & new questions

* Muon excess in cosmic-ray data at ~10 EeV

e TeV gamma-ray halos
* The much higher energy carried by neutrinos than gamma-rays

A new look of the high-energy Universe not seen through photons beforel
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Moving Forward - We need better sensitivity

e A factor of a few improvement in sensitivity may open up the view to an order-of-magnitude more sources

Fourth Catalog of AGN by Fermi-LAT (2019)
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Moving Forward - We need better sensitivity

e A factor of a few improvement in sensitivity may open up the view to an order-of-magnitude more sources

Fourth Catalog of AGN by Fermi-LAT (2019)

3 2 _I | I | | I 11 || | | | I 1 1T 11 | | | | I 11 || | o
3F S - FSRQ -
28— . e T T - BL Lac .
x : L o .Lh‘o o, © ‘
o SIS - |« BCU .
u 2-6 B %M 30: v o o . ®
_E E ﬁAA‘A' “’.“;‘ } 0 ".;5,:- 0..‘ . - . ’ Other AGN :
: 2-4 B h N ::\A ‘- . Z;.Q\‘&..‘a?. i‘ .3:. .‘. 3.:: B * . o s
O = fs Yoty 'f:;fA"i'r Ty A : .
3 2'2 B A .,,‘:‘ ’i“:}::?:‘:ﬁ..% ::'O.A. - .° - . -
£ of I S E
m : .AA. ‘ :?:..‘ .50'::.. o. o o ° . :
1.8 - ey =
1.6, f= . =
1.4_|*|°||° | e ey | e | e vl s

1072 107" 307 107
S, (ergcm~s™)

12



Moving Forward - We need better sensitivity

e A factor of a few improvement in sensitivity may open up the view to an order-of-magnitude more sources

Fourth Catalog of AGN by Fermi-LAT (2019)
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Moving Forward - We need more sky coverage

 Southern sky has never been explored by a wide-field air shower gamma-ray observatory

* More instantaneous sky coverage is needed to capture transients (GRB 221009A as a good example)

Tibet/ARGO .

\

Plot credit: Marcos Santander

13



CEININERCVAS L IEN S

;

Large (>$200M)
Medium ($50-200M)
Small (<$50M)
Current/Funded
Space-based
International

Snowmass 21 CF1 report
Snowmass 21 CF7 report
Snowmass 21 white paper:
2203.07360

14



Gamma-ray Experiments
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Gamma-ray Experiments
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Imaging Atm.
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High and Ultrahigh Energy Neutrino Experiments
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Large (>$200M)
Medium ($50-200M)

Ultrahigh Energy Cosmic-ray Experiments

Current/Funded
Space-based

Experiment

Feature

Cosmic Ray Science”

Pierre Auger Observatory

Hybrid array: fluorescence,
surface e/ + radio, 3000 km?

Hadronic interactions, search for BSM,
UHECR source populations, op_air

Telescope Array (TA)

Hybrid array: fluorescence,
surface scintillators, up to 3000 km?

UHECR source populations
proton-air cross section (op-air)

IceCube / IceCube-Gen2

Hybrid array: surface + deep,

Hadronic interactions, prompt decays,

Timeline

I[ceCube-Gen2

up to 6 km? Galactic to extragalactic transition operation
GRAND Radio array for inclined events, UHECR sources via huge exposure, GRAND 200k
up to 200,000 km? search for ZeV particles, op-air multiple sites, step by step
Space fluorescence and UHECR sources via huge exposure,
POEMMA Cherenkov detector search for ZeV particles, op_ajr ORI A
GCOS Hybrid array with X .« + e/ UHECR sources via event-by-event rigidity, GCOS

over 40,000 km? forward particle physics, search for BSM, op_air further sites

*All experiments contribute to multi-messenger astrophysics also by searches for UHE neutrinos and photons; 2025 2030 20395 2040

several experiments (IceCube, GRAND, POEMMA) have astrophysical neutrinos as primary science case.

See remarks by Eric Mayotte and

Snowmass 21 CF7 report
P Frank Schroeder
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Conclusions

e “Cosmic-particle physics” is complementary

 Particles add to electromagnetic and gravitational waves to reveal the unknown Universe like never before

e Key to successes of the next decade: better sensitivities and more sky coverage

Astro2020 Report by Panel of Particle Astrophysics and Gravitation
e Current-generation cosmic particle detectors are

iri Existing/planned projects . .
retl rl ng . New deteCtors are u rgently needed Missing capabilities MUltl‘MessengEF Astronomy Must be Coordinated
Endorsed projects
2020 2025 2030 2035
2040
itati 1 NANCOISS SKA bolsters nHz eff
svr::::tlonal mHz | mHz GW community development

kHz Advanced LIGO/Virgo/ Improved Advanced LIGO

VHE
Neutrinos
UHE | Discovery uncertain 8

Impending gap in
HE monitoring capabilities

Gamma Rays
VHE
: pportunities needing
EREInIR Ay UHE technology development

HE: MeV-GeV, VHE: TeV-PeV, UHE: EeV-ZeV
T — ——————
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MeV Gamma-ray Experiments

MeV Gamma-ray missions Today (2022)
1991-2000
COMPTEL
COSI (NCT) i % 2005 2009 % 2014 K 2016 | : 20250 .
: New Mexico, USA | McMurdo, Antarctica Wanaka, New Zealand : Satellite
SMILE X 2006 X 2018 W Mid2020s | mm e
: Sanriku, Japan : Alice Springs, Australia : Balloon Flight
E E E .I 2022
GECCO i | | Beam test
GRAM S : : | : @® 2024 7':{ Late-2020$‘:» - - -
| : | ' Beam test, Japan Balloon flight
GammaTPC -
APT | : : @ 202K 2023 e
: : | Beami test Piggy-back balloon test
l i ? : Late-2020s
AMEGO-X i i | @ 502:K 2023 ceebome
| : | Beam test Prototype balloon flight Satellite
ASTROGAM

2000 2010 2020

Snowmass 21 CF1 report
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GeV-TeV Gamma-ray Experiments

GeV-TeV Gamma-ray Imissions  Today (2022)
Fermi —_———
VERITAS —L—y ......
H.E.S.S | _— .
MAGIC ; - e L
HAWGC é —?2015-_%—>. ......
52019 -
LHAASO i —p s
| | | 2024 -
CTA E E E — % %
SWGEO 52019-2023,R|&D I _ Full Construction >
2000 2010 2020 2030

Snowmass 21 CF1 report
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Neutrinos Experiments
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Effective area and angular resolution

Rough estimates Fixed energy at 100 TeV

100 TeV (numu CC) |Instr. Volume Effective area nu- |Ang. resolution
(NC,nu-e, nu-tau) |mu[m~*2] [deg]

lceCube 1 100*
Baikal GVD ~0.4

KM3NeT ARCA ~1 100**
P-ONE 1 (cluster vol.,envelope: 3)
TRIDENT 7.5 ~700*"
lceCube Gen2 8 ~300**

Refs.
https://doi.org/10.1016/j.jheap.2022.08.001

https://arxiv.org/pdf/2005.09493. pdf .
P8 FADLOMerD : +1 KM3 instr,

trident: 2207.04519 ~3 km3 with empty space betw. clusters
IceCube: https://arxiv.org/abs/2008.04323. (and Tech. design rep in prep.)

Baikal: Dzilkibaev, priv. comm.

Slide from Albrecht Karle’s talk at NCfA Symposium, 2023
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*analysis level
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***100m track length inside (~trigger level)
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Dark Matter Anmhllatlon into Quarks and Gauge Bosons
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